A member of the Alu family of repeated DNA elements has been identified on the long arm of the human Y chromosome, Yq 11. This element, referred to as the Y Alu polymorphic (YAP) element, is present at a specific site on the Y chromosome in some humans and is absent in others. Phylogenetic comparisons with other Alu sequences reveal that the YAP element is a member of the polymorphic subfamily-3 (PSF-3), a previously undefined subfamily of Alu elements. The evolutionary relationships of PSF-3 to other Alu subfamilies support the hypothesis that recently inserted elements result from multiple source genes. The frequency of the YAP element is described in 340 individuals from 14 populations, and the data are combined with those from other populations. There is both significant heterogeneity among populations and a clear pattern in the frequencies of the insertion: subSaharan Africans have the highest frequencies, followed by northern Africans, Europeans, Oceanians, and Asians. An interesting exception is the relatively high frequency of the YAP element in Japanese. The greatest genetic distance is observed between the African and non-African populations. The YAP is especially useful for studying human population history from the perspective of male lineages.
Introduction
The human Y chromosome has useful properties for evolutionary studies. With the exception of the pseudoautosomal region, it is inherited paternally and does not recombine. As a consequence, the DNA sequence of every Y chromosome preserves a unique record of mutational events that occurred in previous generations. Studies of polymorphisms in the nonrecombining portion of the Y chromosome have been proposed for detecting male-mediated migration events and for reconstructing paternal history (Casanova et al. 1985; Ngo et al. 1986; Malaspina et al. 1990 ). Unfortunately, there are only a handful of Y-linked polymorphisms reported in the literature (Jakubiczka et al. 1989; Malaspina et al. 1990; Spurdle and Jenkins 1992) ) and most of these are based on repeated Y-DNA sequences that have proved difficult to interpret. For example, Y-chromosome probes 49f and 49a detect multiple haplotypes (Ngo et al. 1986 ), but the mechanism of polymorphism is not understood, and there is evidence that fragments of identical size have arisen more than once (Torroni et al. 1990; Spurdle and Jenkins 1992) . Similar problems exist with several other Y-specific polymorphisms (Spurdle et al. 1994) . Therefore, there is a need to identify Y-specific polymorphisms with well-characterized genetic mechanisms.
In this report, a simple and stable polymorphism resulting from the recent insertion of an Alu-family member on the long arm of the Y chromosome is described. As there is no evidence for a mechanism of specific removal of Alu family members, Alu elements are stable over millions of years (Sawada et al. 1985; Deininger 1989) . Alu elements at specific loci that are not fixed in human populations are likely to have resulted from unique and recent insertion events. This type of marker has been shown to be valuable for human population studies (Batzer and Deininger 199 1; Perna et al. 1992) . In the present paper, the distribution and frequency of the Y Alu insertion is investigated in 14 human populations.
The Alu family of short interspersed repeats (SINES) is found in all primate species, with -500,000 copies per haploid genome present in humans (Deininger 1989 ) . Alu-family members are believed to have spread throughout primate genomes by a transposition process involving an RNA intermediate. However, most copies of Alu sequences are unable to be transcribed and are considered to be pseudogenes by some authors Deininger et al. 1992 ). Com- 750 Hammer parisons between Alu sequences in the database demPapua New Guinea and 7 samples from Australia, by onstrate an average of -70% sequence identity. On the M. Stoneking (Stoneking and Wilson 1989) . basis of analyses of specific diagnostic positions, several authors have placed Alu elements into specific subfam-DNA Probe ilies (Slagel et al. 1987; Willard et al. 1987; Britten et al. 1988; Jurka and Smith 1988; Quentin 1988) . The different degrees of divergence exhibited by the members of each subfamily suggest that they appeared at different evolutionary times. It is generally agreed that these subfamilies are the result of successive waves of retroposon events that originated from a small number of different source genes (Labuda and Striker 1989) . Consistent with this interpretation is the finding that the few human Alus that are known to be polymorphic-and that therefore are known to be the most recently inserted-belong to subfamilies with the lowest levels of sequence divergence among their members Shen et al. 199 1). However, controversy has surrounded the issue of the number of source genes that are active. The simplest model posits that there is only one transcriptionally active source gene at any given evolutionary time and that the different subfamilies have resulted from sequence changes in the lineage of this gene (Shen et al. 199 1). This model predicts that all polymorphic Alu sequences belong to a single subfamily or a single lineage of closely related subfamilies. A competing model posits that multiple source genes, deriving from independently evolving lineages, have given rise to unrelated subfamilies ) .
To test hypotheses on the number of active source genes, the sequence of the Y Alu Polymorphic (YAP) element is compared with those of other recently inserted Alu elements. A parsimony analysis is performed to determine the branching pattern of these elements and the phylogenetic relationships of recently formed subfamilies.
A 5.5-kb Hind111 restriction fragment (Page et al. 1987 ) was subcloned into the Hind111 site of pEMBL. A 2.8-kb EcoRV fragment released from this vector was further subcloned into the SmaI site of pBluescript SK ( Stratagene) and was named pYAP-2.8 (Genome Data Base DYS287). On digestion with EcoRI and BglII, a 500-bp fragment was released from pYAP-2.8 ( fig. 1 C) . After isolation from a low-melting-temperature agarose gel, the fragment was labeled with 32P by the method of Feinberg and Vogelstein ( 1984) .
DNA Extraction and Hybridization
Human genomic DNAs were prepared from whole blood by standard procedures. Approximately 2 ug of DNA was digested with restriction endonucleases, electrophoresed on 0.8% agarose gels, and alkaline transferred to nylon membranes.
Hybridization with radioactively labeled probes was carried out according to the procedure of Hammer and Silver ( 1993 ) .
DNA Sequencing
DNA sequences were determined by the dideoxychain-termination method (Sanger et al. 1977 ) using the Sequenase kit (U.S. Biochemical) according to manufacturer's specifications. Once sequences were obtained for the ends of the pYAP-2.8 insert by using universal primers to the plasmid vector, internal sequences were determined by primer walking (author's unpublished data). Genomic DNAs from individuals with a 300-bp indel were amplified with internal primers and were directly sequenced by the method of Casanova et al. (1990 (Saitou and Nei 1987 ) and the unweightedpair-group method using arithmetic averages (UPGMA) Data Analysis (Sokal and Michener 1958) .
The method of Reynolds et al. ( 1983) , with a correction for sample size, was used to calculate F,, . Clustering diagrams were generated using the neighbor-joinPhylogenetic analysis was performed on Alu sequences selected from the GenBank (release 76.0) and EMBL (release 30.0) databanks by using a similarityanalysis program (Fasta in GCG) that uses the method of Pearson and Lipman ( 1988 ) . The YAP Alu sequence and members of the HS-1 subfamily (Shen et al. 199 1) were used as query sequences with a k-tuple value of 6. Thirty-three sequences from the top 50 scoring sequences were selected. In addition, six more distantly related Alu Persichetti et al. 1992 Present study Persichetti et al. 1992 Spurdle et al. 1994 Present study Persichetti et al. 1992 Present study
Present study Present study Present study Present study Spurdle et al. 1994 Present study Spurdle et al. 1994 Present study Spurdle et al. 1994 Present study Spurdle et al. 1994 Present study Present study Present study Spurdle et al. 1994 Present study Present study Present study Present study sequences representing the J, Sx, Sp, and Sb subfamilies (Jurka and Milosavljevic 199 1) were included as outgroups. Alignments were carried out using the method of Feng and Doolittle ( 1987 ) and were refined manually to match published alignments as closely as possible. Parsimony analyses were conducted using PAUP 3.0 for the Macintosh computer (Swofford 1993) . Two rounds of analyses were performed.
In the first round, the heuristic search option was performed on 43 sequences. In each of 100 replications, starting trees were obtained by a random stepwise addition sequence, and branch swapping was performed on 100 trees by using the tree bisection-reconnection algorithm. Only minimal length trees found in each replication were kept. In the next round, a representative subset of 18 sequences was analyzed using the branch-and-bound option, which guarantees finding the most parsimonious trees. PAUP also was used for computing strict-consensus trees (Sokal and Rohlf 198 1 ), for performing bootstrap analyses as a means of estimating relative support for clades ( lOO-1,000 replicates) (Felsenstein 1985 ) and for calculating character and tree statistics (consistency index; Kluge and Farris 1969) . A neighbor-joining analysis was performed on all 43 taxa ( Saitou and Nei 1987 
Results

YAP
The hybridization of pYAP-0.5 to genomic DNAs digested with different restriction enzymes gave evidence of a 0.3-kb indel polymorphism ( fig. 2) . The 300-bp indel maps between a BgZII and a TuqI site within the 2%kb EcoRV fragment ( fig. 1 B) . When DNA sequences of the region between the BgZII and TaqI sites were determined, individuals with the larger EcoRV restriction fragments were found to have an inserted copy of the Alu family of repeated sequences ( fig. 3 ). The Alu element was found to be present between the same two base pairs in several individuals from different populations, confirming the single origin of this insertion (data not shown). The shorter TaqI fragment associated with insertion is explained by the presence of an additional TaqI site within the Alu element. This member of the Alu family of repeated elements is named the YAP element
YAP-Element Sequence
The YAP element is flanked on each side by an exact A-rich 11 -bp direct repeat, consistent with the pro-
of three human DNA samples digested with two restriction enzymes and hybridized with the OS-kb pYAP probe. Genomic DNAs in lanes 2-4 were digested with TaqI, and those in lanes 5-7 were digested with EcoRV. Lane 1, Lambda-Hind111 ladder. Lanes 2 and 5, Gambian 1 ( Alu-). Lanes 3 and 6, Gambian 2 ( Alu+). Lanes 4 and 7, Gambian 3 ( Alu-).
posed sites preferred for Alu integration (Daniels and Deininger 1985) . Only one copy of the 1 1-bp sequence is present in individuals lacking an Alu element. The Alu sequence terminates with an oligo-dA tail composed of 26 adenine residues. Shen et al. ( 199 1) . The PSF-3 consensus is described in the text and is defined by diagnostic mutations 1-7 as well as by a 7-bp duplication (indicated by dashes) at the 3' end of the sequence.
PSF-
By means of the diagnostic-site method of Jurka and Milosavljevic ( 199 1) ) the YAP element is identified as a member of the Sb subfamily. Except for the A at position 98, it has all of the diagnostic sites (fig. 3, positions 76, 86, 93, 132, 152, 196, 199, and 218) of the CS subfamily (Shen et al. 199 1) . In addition, it has all five diagnostic mutations (fig. 3, positions 89, 96, 145, 174, and 237 ) that distinguish the human CS/ Precise subfamily from the HS/PV subfamily. According to these criteria, the YAP element belongs to the older CS/ Precise / Sb subfamily.
However, the YAP-element sequence differs at 10 positions ( l-7 and 9-11 in fig. 3 ) from the CS/Precise consensus sequences (3.5%), and there is a 7-bp duplication 30 bp from the 3' end of the Alu sequence. The sequence differences at positions 98 and 248 are transversions, while the remaining five differences at positions 57, 144, 207, 2 11, 236, 243, 259, and 268 are transitions. Positions 57, 207, 236 , and 268 involve changes from CpG in the consensus sequence to TpG or CpA in the YAP-element sequence. CpG dinucleotides have been found to mutate to TpG or CpA at a rate -10 times higher than the normal rate in recently inserted Alu family members (Labuda and Striker 1989) .
Phylogenetic Analysis
To investigate the phylogenetic relationships among recently inserted Alu elements, a parsimony analysis was performed on the YAP-element sequence and 42 Alu sequences reported in the literature (Appendix). Other than the outgroup (galago) and older subfamily sequences (TPA 14, ADAG, and APOE), the sequences were chosen on the basis of similarity to the YAP-element sequence or to HS/ PV subfamily members. An effort was made to include all known polymorphic Alu elements. A heuristic search, performed on 77 informative characters in the 43 sequences, yielded 5,600 equally parsimonious trees of length 199 (confidence index [ CI ] = 0.53 ) . Two well-defined clusters of sequences appear in the strict-consensus tree shown in figure 4. Twenty-three sequences of the HS-1 and HS-2 (Shen et al. 199 1) and PV subfamilies ) form a clade that branches from the HS/PV consensus sequence. Two HS/PV subfamily members, PV83 and P 1 N6, diverge one step before the HS/PV consensus, suggesting that they were transcribed from a more ancestral form of the HS/PV source gene. The HS/PV clade includes the chimpanzee PV sequence, consistent with the observation that Alu elements in the HS/PV subfamily are not necessarily human specific . Therefore, this clade will be referred to as the polymorphic subfamily-l (PSF-1). The TPA25 and C4N5 Alus, previously assigned to the HS-2 subfamily ( Shen et al. 199 1 ), form a clade that also branches from the HS/ PV consensus sequence. Although there is not strong support for this clade in 1,000 bootstrap replications, this subfamily will be referred to as polymorphic subfamily-2 ( PSF-2 ) .
The YAP element is a member of a second cluster of seven Alu sequences that branches from the CS/Precise/Sb consensus sequence. This clade, supported in 88% of the bootstrapping replications, is referred to as polymorphic subfamily-3 (PSF-3). Six of the Alu sequences branch from the PSF-3 consensus sequence, whereas the YAP sequence diverges one step before the divergence of the other PSF-3 elements. The ancestral C at nucleotide position 64 in the YAP sequence ( fig.  3 , position 8) mutated to a T in all of the other PSF-3 sequences.
Two Alu elements, NE53 and AFP, branch from the lineage leading to the PSF-3 subfamily. Four lineages that branch independently from the CS / Precise consensus sequence lead to the remaining five Alu sequences in the analysis, one of which is the polymorphic element within the C 1 INH locus ( Stoppa-Lyonnet et al. 1990) .
A neighbor-joining analysis gave similar results. Four branches led from the CS/ Precise consensus: the first to the VWFA and VWFB sequences; the second to the PSF-1 and PSF-2 sequences; the third branch to the PSF-3 subfamily, including NE53 and AFP; and the fourth to the remaining LDBH, Cl INH, and GOR sequences.
A second parsimony analysis was performed on a subset of Alu sequences by using the branch-and-bound option of PAUP, which guarantees finding the most parsimonious trees. All of the PSF-3 Alus were included in the analysis, as were all of the Alus that are known to be polymorphic in human populations. The analysis of 4 1 phylogenetically informative characters yielded 24 equally parsimonious trees with 68 steps (CI = 0.72). A strict-consensus tree ( fig. 5 ) depicts three main lineages stemming from the CS / Precise / Sb consensus sequence. The first leads to the PSF-1 and PSF-2 subfamilies, the second leads to the PSF-3 subfamily, and the third is the lineage leading to the ClINH Alu sequence. Bootstrapping gave strong support for the assignment of all the repeats (except C IINH) to only one of the three subfamilies. The C 1INH sequence, diverging from the CS/Precise source gene, clearly lies outside the other PSF subfamilies.
There are eight substitutions along the branch leading from the CS/Precise/Sb consensus to the common ancestral sequence, or source gene, for the PSF-3 subfamily ( fig. 5 ). These sites correspond to the diagnostic sites for this subfamily ( fig. 3, positions l-7) . In addition, all seven members have the 7-bp duplication 30 bp from the 3' end of the Alu sequence. The lineage leading to the YAP-element sequence diverges one step before the PSF-3 consensus, as the YAP sequence lacks one of the diagnostic sites of the PSF-3 subfamily ( fig.  3, position 8) . The eight diagnostic sites include two transversions and six transitions, three of which involve CpG dinucleotides that have mutated to TpG.
Sequence Divergence
The PSF-3 subfamily sequences differ from each other by an average of 2.1%, which is similar to the average pairwise divergence of complete PSF-1 and PSF-2 sequences examined in this survey. However, when CpG-to-TpG/CpA substitutions are ignored, there is a 1. I%, 0.7%, and 1.2% sequence divergence within the PSF-1, PSF-2, and PSF-3 subfamilies, respectively (table  2) . The PSF-3 member sequences differ from the PSF-3 consensus by an average of 0.63%. This compares with 0.54% and 0.4% for the PSF-1 and PSF-2 subfamilies, respectively.
The mean intersubfamily divergences are also given in table 2. Considering only non-CpG-to-TpG /CpA substitutions (below the diagonal in table 2), the PSF-1 and PSF-3 consensus sequences, as well as the C 1 INH sequence, have diverged from the CS consensus by 1.8%. The PSF-2 consensus has diverged from the PSF-1 consensus by 0.7%.
Population Data
The frequency of the YAP insertion has been determined in a sample of 340 individuals from Europe, Africa, the Far East, and Oceania (table 1) . The insertion is present in 107 individuals ( 3 1% ) representing all geographic regions. The frequency of the YAP element in sub-Saharan Africa is -lo-fold higher than that in Europe, Oceania, and most regions of the Far East. When these results are combined with other surveys (Persichetti et al. 1992; Spurdle et al. 1994) , the YAP element is present in 509 / 1,062 individuals (48%). The YAP element is widespread in Africa, with the highest frequency (78%-86%) in South African Bantu-speakers and West Africans. It is also present at high levels in smaller sam- The group mean frequency of African populations is significantly higher than the group means of European, Asian, and Oceanian populations (Bonferroni P values < 0.0 1). All sample frequencies are statistically equivalent within Africa, except the Khoisan frequency, which is significantly lower (Fisher's exact test, P < 0.000 1). The frequency in the eastern Pygmies (57%) is slightly lower (but not significantly) than that in the western Pygmies ( 7 1% ) from the Central African Republic. The western Pygmies, more admixed than the eastern-Pygmy population, are probably a mixture of about threefourths non-Pygmy ancestry and one-fourth Pygmy ancestry (Bowcock et al. 199 
1).
The Fst value, calculated for the 14 populations with a sample size >20, is 0.50. This compares to an average Fst of 0.139 -t 0.0 10 for 100 DNA polymorphisms scored in five human populations ( Bowcock et al. 199 fig. 6A ) . The greatest amount of genetic distance separates African and non-African populations. The European and Saudi populations are separated by small genetic distances. They form a cluster that intervenes between the Chinese, Indian, and Papua New Guinea populations, on the tip of the non-African branch, and the Japanese, who lie closer to the Africans.
A UPGMA tree gives a similar picture ( fig. 6B ). The African populations are divided into two subclusters, one with very high and the other with intermediate levels of the YAP insertion. The non-African branch is divided into three subclusters: ( 1) Asian and Oceanian populations in which the insertion is absent, (2) Europeans and Saudis with low frequencies of the YAP insertion, and ( 3) Japanese with moderate levels. This pattern is consistent with other data suggesting a primary separation between Africans and non-Africans ( Wainscoat et al. 1986; Cann et al. 1987; Bowcock et al. 199 1; Horai et al. 199 1; Nei and Roychoudhury 1993 ) . It is unusual in that the Japanese population is separated from the other Asian and Oceanian populations.
Discussion
Recent Insertion of an Alu Element on the Y Chromosome
The Alu family member characterized here, YAP, has the hallmarks of a recently inserted Alu element: the flanking 1 I-nucleotide direct repeats are identical, and there is a perfect run of 26 adenine residues at the 3' end of the element. Sequence divergence in these portions of Alu elements is typically related to the age of the insertion . Furthermore, the Y Alu element was found to be absent from the homologous Y-chromosomal site in 14 chimpanzees and one gorilla (author's unpublished data), supporting the hypothesis that the insertion event occurred after the divergence of humans from great apes.
The YAP element is a member of a set of seven Alu elements that constitute the subfamily here termed PSF-3. The recent origin of this subfamily is docu- mented by the low level of sequence divergence among its members and by the polymorphism, in the human population, of at least three of its members (YAP, HDAB, and CHOL). The average sequence divergence of PSF-3 (2.1%) is comparable to that of two other recently formed subfamilies, PSF-1 and PSF-2. Two research groups have identified the PSF-1 and PSF-2 subfamilies of Alu elements, but the nomenclature used has varied. For example, Matera et al. ( 1990) and Shen et al. ( 199 1) refer to PSF-1 as the PI' and HS ( human-specific ) subfamily, respectively. However, Leeflang et al. ( 1992) detected a member of the PV/HS subfamily in chimpanzee DNA, showing that this subfamily is not specific to humans. Recently, two other groups recognized PSF-3 Alu elements as defining a distinct subfamily, which they referred to as the Sb-2 subfamily (Hutchinson et al. 1993; Jurka 1993) . It is suggested here that the most recently formed subfamilies containing polymorphic Alu elements be termed polymorphic subfamilies (PSF), to avoid problems of nomenclature and to facilitate the naming of polymorphic subfamilies identified in the future.
Number of Active Alu Source Genes
The existence of discernible Alu subfamilies implies that the individual members of these different subfamilies resulted from either a single source gene or a closely related subset of source genes (Willard et al. 1987; Britten et al. 1988; Jurka and Smith 1988; Quentin 1988; Labuda and Striker 1989 ) . There are two competing models in the literature, with regard to the number of Alu source genes. Shen et al. ( 199 1) support a sequential lineage model that posits that there is only one transcriptionally active source gene at any given evolutionary time and that the different subfamilies result from sequence changes in the lineage of this gene. In this model, most Alu copies are silent, but, occasionally, a retroposition event forms an Alu copy that mutates and becomes a new source gene, forming a new subfamily. The previous source gene must be silenced relatively soon, or there would be parallel lines of Alu evolution. The alternate model posits that there are multiple source genes, deriving from independently evolving lineages, that give rise to new subfamilies. Matera et al. ( 1990) and Leeflang et al. ( 1992) favor the multiple-sourcegene model based on the sequence diversity of recently inserted Alus in the PSF-1 subfamily and on the polymorphism, in the human population, of a CS/Precise Alu subfamily member in the Cl inhibitor locus (Stoppa-Lyonnet et al. 1990 ). In contrast, Shen et al. ( 199 1) suggest that this is an ancient polymorphism resulting from an insertion event that preceded the appearance of the putative single source gene for the PSF-1 /PSF-2 subfamily. This necessitates the activity of the CS source sequence for some period of time after the chimp/human divergence, ending with the occurrence of the PSF-1 subfamily changes. Furthermore, the overlapping presence of the PSF-1 and PSF-2 subfamilies is explained by allelic variation in a single Alu source gene.
The existence of PSF-3, a third recently formed Alu subfamily, poses problems for the single-source-gene model. First, it increases the number of active sourcegene alleles that must exist contemporaneously in the human population. But, more significantly, the topologies of the trees in figures 4 and 5 indicate that the three PSF source genes are not on a single lineage but are related through the CS consensus sequence. This is inconsistent with of Shen et al.' s ( 199 1) explanation of the appearance of all new subfamilies by the sequential accumulation of diagnostic mutations in a single lineage history from the perspective of male lineages. This of source genes. A completely different set of diagnostic serves to complement mitochondrial DNA studies and sites accumulates on the lineage leading from CS to PSF-to give a more complete view of the origin and mil/-2 than on the lineage leading from CS to PSF-3 gration patterns of Homo sapiens sapiens. Ultimately, ( fig. 5) .
Y-specific polymorphisms can be used to build trees To rescue the model of a single source gene, one that contain information about the order of branching must consider CS, PSF-1, PSF-2, and PSF-3 to be alleles of Y lineages, linking ancestral types to modern types, of a single locus. Sequence differences between the source and the approximate times at which the branching "alleles" range from 0.7% to 4.3% (table 2 and fig. 5 ). events occurred. The YAP is a useful marker because This is much greater than the average number of nu-the ancestral state, the absence of the YAP element, cleotide differences between two randomly chosen alleles
The only known case of alleles differing by as much as from the human population. For example, in their com-4% is the HLA locus, on which overdominant selection has probably maintained alleles in the population since before the human/chimp divergence (Nei and Hughes parison of two or more allele sequences from 49 loci, Li 1991).
and Sadler ( 199 1) found that the nucleotide diversity of the fastest-evolving sites is only 0.1%. They suggested that the low levels of diversity are due to a small longterm effective population size for humans (i.e., -104).
is known and because the insertion event occurred a ulations. As yet, few other Y-linked polymorphisms with these properties have been reported in the literature (Spurdle et al. 1994 ).
single time after the divergence of humans and chimps. The insertion site is located on the long arm of the Y chromosome, linked to millions of base pairs that do not undergo meiotic recombination.
Furthermore, there is a clear pattern in the frequencies of the insertion and significant heterogeneity among human popand g is the number of years (15) (16) (17) (18) (19) (20) 
per generation
The divergence times for the CS and PSF source genes/alleles can be determined using the average substitution rate in noncoding DNA, O.l5%/Myr (Miyamoto et al. 1987; Takahata 1993) . The PSF-1 and PSF-2 sequences have been diverging for -4 Myr, and both the PSF-1 and PSF-3 sequences have been diverging from CS for -10 Myr. Under a neutral model, it is unlikely that source alleles could persist for these lengths of time. On the basis of the formula 4N,g, where N, is the effective population size ( 104) at the time of H. erectus, 2 1 Mya, then the presence
The frequency data are consistent with ' the hypothesis that the YAP element originally inserted on the Y chromosome of a sub-Saharan African. Because the frequency of the YAP element is relatively high in eastern Africans, western Africans, Pygmies, Bantu-speaking South Africans, and Khoisan, the insertion event is likely to predate the divergence of the major African groups. Depending on the exact timing of the Y Alu insertion event, the distribution pattern may help to distinguish among hypotheses on the origin and migration of human populations ( fig. 7) . For example, if the insertion event occurred along the lineage leading from apes to humans, it has been estimated that a two-allele polymorphism is likely to last ~0.8 Myr (Chapman et al. 1986; Takahata 1993 tence time should be even shorter (Jeffreys et al. 1985) . 0.0 + -+ -+-It should be pointed out that, even if the population o.5 was much larger at some point in the past, there would be little effect on the persistence time, because N, is ,,.
,~ ++_V_ the harmonic mean of the population sizes (Wright 1938 In fact, in modern humans there should be a range of sequence differences among YAP+ chromosomes, as well as among YAPchromosomes, a range in which the highest level of divergence approaches that between YAP+ and YAPchromosomes.
On the other hand, model 2 (complete replacement) predicts a low level of sequence divergence between YAP+ and YAP-chromosomes, as well as in "within" comparisons among YAP+ chromosomes and among YAP-chromosomes.
The level of sequence divergence should be nearly an order of magnitude less than the highest levels predicted in the first model. Model 2B (partial replacement) predicts both a low level of sequence divergence among YAP+ chromosomes and a range of divergences from low to high among YAP-chromosomes.
One possible consequence of the complete-replacement hypothesis is a genetic trail of recently diverged YAP+ chromosomes somewhere between Africa and Japan. According to Nei and Roychoudhury ( 1993) , there were two migration routes from Africa to the Far East. One group of people moved to northeastern Asia through the Middle East, and a second group migrated to the Indian Subcontinent and then to Southeast Asia. In this model, the southern group retained some genes of African origin, which eventually were maintained in populations that moved to Australia and New Guinea -40,000 years ago. The discovery of high frequencies of the recently diverged YAP+ chromosomes in populations along either of these routes would identify a genetic trail and support the migration hypothesis. Furthermore, the discovery of the YAP element in certain populations may help to unravel the history of the settlement of Japan. The Japanese population is considered to be descended from two separate populations:
the Yayoi and the Jomon people (Horai et al. 199 1) . The Yayoi, originally from northeastern Asia, started migrating to Japan from the Korean peninsula -2,300 years ago. The Jomon lived in Japan for > 10,000 years and may have come originally from Southeast Asia (Turner 1990) . Preliminary data suggest that the YAP element may have been present in Japan before the Yayoi migration (author's unpublished data). Because the frequency of the YAP element is significantly lower in Khoisan than in the other African populations tested, the possibility exists that the YAP element inserted after the divergence of the major human groups and has been introduced into the Khoisan by admixture during the Bantu expansion. This predicts that there should be very little, if any, difference either between YAP+ and YAP-chromosomes or among YAP+ chromosomes.
In this scenario, the YAP element could have spread from Africa to Europe either by means of trans-Saharan trade routes (Nagel 1984) or by earlier migration events across the fertile Sahara 2,000-10,000 B .C . ( Adekile 1992 ) . However, recent gene flow between Africa and Japan seems less likely. Another consideration is the possibility of a non-African origin, which has been suggested by some authors (Excoffier et al. 1987 
